Clustered regularly interspaced short palindromic repeats (CRISPR) widely spread in Archaea and bacteria are an acquired immunity system, which resisted on the infection of exogenous chromosome according to a mechanism similar to RNA interference. In this study, evolutionary origin and sequence feature of totally 211 CRISPRs in 192 of 588 lactic acid bacteria genomes covered 18 genera of 5 phyla were employed, and comparative analysis of direct repeats (DRs), cas1 (CRISPR-associated) genes and 16s rRNA were performed as well. In summary, 11 clusters of CRISPRs were identified based on DRs, and sequence similarity among genera even species were determined. In GC content investigation, complementary sequences and the symmetry in DRs of all clusters can opportunely construct the stem-loop secondary structure, moreover, the GC% level of spacers in one CRISPR locus was comparable, which suggested that foreign sequences with similar GC% were more likely to be inserted into the LAB genomes as a new spacer. cas1 coevolved with DRs as a whole phylogenetic cassette, while it was slightly more conservative. Besides, the distribution of cas1 and DRs was found very different with 16s rRNA in clusters, and it implied the possibility of horizontal gene transfer of LAB CRISPR loci.
INTRODUCTION
Lactic acid bacteria (LAB) are regarded as probiotics for thousands of years with numerous functional advantages (Ouwehand et al., 1999; Guarner and Malagelada, 2003) . In all LAB spread in 43 genera among 5 phyla (Garrity et al., 2004) , many species are cultivated as starter culture and widely applied in milk fermentation industry (Axelsson, 2004) . However, they are often attacked by phages which result into great loss (Jarvis, 1989; Moineau et al., 2002) , although many strategies and measures have been taken (Josephsen and Neve, 2004 ). *Corresponding author. E-mail: gchuo58@126.com. Tel: +86045155191807.
CRISPR is an adaptive immunity system against invasive DNA such as phages and plasmids (Jansen et al., 2002; Barrangou et al., 2007) , and found in many prokaryotic genomes (Ishino et al., 1987; Haft et al., 2005; Lillestøl et al., 2006; Grissa et al., 2007) , about 90% of Archaea and 40% of Bacteria including LAB by now . CRISPR locus typically consists of non-contiguous, partially palindromic DNA DRs of 21-48 bp and interspaced by stretches of nonrepetitive spacers with similar length (Jansen et al., 2002) , and it is usually adjacent to cas genes (Grissa et al., 2007; Barrangou and Horvath, 2009 ). To resist invasive chromosomes, DNA fragments from phages or plasmids are inserted into CRISPR locus as a new spacer. After transcription and modification, crRNA of CASCADE complex matches with . Each node denotes an individual DR, and the edges between them denote the evolutionary associations. Different colours denote clusters the nodes belonging to.
invasive mRNA through base-pairing potential and degraded them by endonuclease activity of Cas proteins Makarova et al., 2006) . Cas proteins play a key role in the entire process (Jansen et al., 2002; Haft et al., 2005) . In which, Cas1 is viewed as the best marker because of its general occurrence (Makarova et al., 2006) .
Recent years some studies involving CRISPR evolution have been reported (Kunin et al., 2007; Horvath et al., 2008; Chakraborty et al., 2010; Rezzonico et al., 2011) . With regard to LAB, there was only one, but the species was limited in only 49 genomes in Firmicutes and Actinobacteria phylum . In this composition, 192 genomes spread all over 5 phyla were investigated. Larger range must provide more persuasive evidences for the evolutionary regularity.
MATERIALS AND METHODS

Genome sequences, DRs and cas1 retrieval
All the completed and draft genome sequences of LAB were retrieved from NCBI ftp website. CRISPRs of completed genomes are published in CRISPR database (http://crispr.u-psud.fr/CRISPRHomepage.php), and CRISPRs of draft genomes were obtained by CRISPRs Finder (http://crispr.u-psud.fr/Server/). cas1 and 16s rRNA sequences of completed genome species were acquired from CRISPR database and NCBI GenBank.
Network clusters analysis of DRs, cas1 and 16s rRNA
Construction of networking clusters for DRs, cas1 and 16s rRNA was performed through Biolayout Express 3D (Theocharidis et al., Deng et al. 5063 2009). The pair-wise alignment scores ranging below 1.0 were obtained from MEGA5 and applied to establish an expression file for visualizing the networking clusters.
Determination of multiple alignments and the secondary structures in DR clusters
Multiple alignments for DRs of every cluster were preformed to create for the consensus using sequence weblogo (http://weblogo.berkeley.edu/logo.cgi), and the folding scores were divided into 2 bits. The secondary structure prediction of DRs was preformed by Vienna RNA package (Hofacker, 2003) .
Analysis of GC content for DR clusters
To verify the disparity of GC content for DR clusters, one random CRISPR locus was picked out from each repeats cluster, and the GC contents of first several repeat-spacer sequences were detected by DNAMAN, with the default windows was set 12.
Construction of phylogenetic tree of DRs and cas1
Phylogenetic tree for DRs and cas1 were constructed using ClustalX and MEGA5 based on neighbor-joining method and the bootstrap test for 1000 replications.
RESULTS
Evolutionary inference based on clusters of DRs
LAB are widespread in 2 genera in Thermotogae, 30 in Firmicutes, 7 in Actinobacteria, 2 in Bactero and 2 in Fusoaceteria (Garrity et al., 2004) . In all 588 genomes, 159 CRISPR loci in 70 completed genomes and 309 in 406 draft genomes were detected, which accounted for 81%. As the single nucleotide polymorphisms usually generated on the terminal repeat at the 3' end, the most frequent repeat in a CRISPR loci were selected (Rezzonico et al., 2011; Horvath and Barrangou, 2009 ). Eventually, 211 CRISPR DRs were divided into 11 clusters by Biolayout Express 3D , and the sequences with evolutionary distance below 2.5 were divided into the same cluster (Figure 1 ). The parameters (min correlation and squared correlation were set 0.3 and 0.005, respectively) were adjusted as well. The detailed information of strains was listed in Table 1. In the 11 clusters, cluster 1 contained 105 sequences for the most, and cluster 3 had only one to the contrary. Majority edges of cluster 1 were short, which indicated closer evolutionary association; inversely the discrete nodes in cluster 11 indicated further evolutionary association. Generally, there was one kind of DR sequence effective in individual strain, but 37 strains had two different DRs. Here, DRs in 16 strains were divided into different clusters, and others were in the same cluster. It was worth noting that 7 Streptococcus pyogenes had the same two kinds of DR and belonged to Cluster 1 and 5 simultaneously.
Furthermore there usually had homologous DR sequence in the same genus and even in the same specie. This may suggest the sequence conservation of CRISPR loci in genus.
Multiple alignments and the second structures prediction of DRs
The DR multiple alignments for 11 clusters were conducted ( Figure 2 ). Consistent to the previous report (Kunin et al., 2007) , the bases with high folding scores had the pattern of base pairing, and this characteristic was possessed in majority DRs of all clusters. These paring bases may form the stem-loop structure. Meanwhile, we sampled one repeat from each cluster and predicted its secondary structure, and also the stem-loops were illustrated. The stem length, the loop size, and the pair-wise occurrence were not consistent, but all structures had flanking strands on two sides. With regard to the 5' end flanking sequence deficiency of Bacillus mycoides Rock3-17 and Bacteroides fragilis YCH46 CRISPR repeats, the 5' end base-pair probabilities of stem were intermediate, so the combination was not permanent.
Analysis of GC contents of CRISPRs
GC contents of CRISPR segments were displayed in Figure 3 . In the 11 CRISPR samples, each repeat-spacer unit was 61-74 bp, and the repeat and the spacer were in the limit of 29-36 bp and 30-38 bp, respectively, which had little change. This was inconsistent with previous researches involved in the whole range of prokaryotes (Jansen et al., 2002) . The fluctuation of GC content for each repeat-spacer unit was obvious in every graph. DR sequences had great distinction on GC content in different segments, but they showed symmetrical appearances from the tendency of curves, especially on the stem domains. This provided another evidence of the stem-loop structure of CRISPR repeats (Kunin et al., 2007) .
Meanwhile, we observed GC contents of spacers. Generally in the same CRISPR segment, they always kept a relative consistent level, and would not change sharply in a single spacer. When forming a new spacer, the foreign DNA fragment was often inserted into the front of CRISPR locus (Barrangou et al., 2007) , so this characteristic suggested that there may have some pattern about the selection of DNA fragment from invasive chromosomes.
Comparisons on phylogenetic disparity between DRs, cas1 and 16s rRNA cas1 of 32 CRISPRs were obtained in 26 LAB strains from CRISPR database, among which two cas1 were detected in each of four genomes, and three in one genome, respectively (Table 1) . Since cas usually exist on the flanking sequences of CRISPR (Grissa et al., 2007) , DRs in the range of 10 kb upstream and downstream of cas1 were adopted to create the phylogenetic tree as comparison with the latter (Figure 4) .
When the sequences with the bootstrap value below 50 were regarded as different clades, there were 4 clades for cas1 tree, whereas 18 clades for DR tree. This suggested that cas1 was more conservative than DRs. When the cut-off values were set 0.3 and 0.32, there were 4 and 3 clades for cas1 and DR tree, respectively. Here interestingly, all strains in clade 3 of cas1 tree were found in clade 1 of DR tree, likewise, the strains in clade 2 of DR tree were found in clade 4 of cas1 tree, even in the same sub-clade.
This co-evolution distribution of cas1 and DRs can also be validated in the network clustering graphs (Figure 5) , nevertheless, different evolutionary patterns were identified in the comparison with 16s rRNA. 16s rRNA sequences of Lactobacillus in cluster 2 and Streptococcus in cluster 4 were scattered across the cluster 1 and cluster3 of cas1 network graph, and the cluster 4 of cas1 were constituted by multiple strains in cluster 1, 3, 4 and 5 of 16s rRNA.
DISCUSSION
In this study, 211 CRISPR loci in 192 strains were investigated. Compared with 66 CRISPRs of 49 LAB genomes in Horvath's research , there was approximate 3.1 times in fact, so the consequences were more convincing. Among 588 genomes surveyed, CRISPR loci were found in 249 strains including those the encoding strand can not be determined, and the ratio of 40.6% was much lower than that in Horvath's research (46.1%) and the documented CRISPRs in bacterial genomes announced on CRISPR database (45.0%, 537 out of 1193 genomes) (Grissa et al., 2007) .
cas1 and DRs were hypothesized to evolve as a complete cassette in CRISPR/Cas system of Bacteria (Chakraborty et al., 2010) , and also displayed in the CRISPRs of LAB. However, cas1 encodes a highly conserved protein Cas1, which displays the activity of nuclease or integrase as a member of CRISPR/Cas system (Makarova et al., 2006) . cas1 exhibited slightly more conservative than DRs, which seemed to suggest that this coevolution was not absolutely synchronous.
In the phylogenetic analysis, the same DR was identified to have high possibility to present in relatively distant genera. cas1 had been reported to have the characteristic of horizontal gene transfer (HGT) in Proteobacteria, Firmicutes (Godde and Bickerton, 2006), Base-pair probabilities Base-pair probabilities Figure 3 . GC content tendency of CRISPR segments in samples of 11 clusters. Except the first four DRs for sample of cluster 4, the first five DRs were obtained for all the other clusters. Sample names were marked on the graphs, followed by CRISPR id in brackets. and also in Archaea (Lillestøl et al., 2009 ). Due to the fact of DRs evolved together with cas1 as a package, we can hypothesize that the DRs transfer across species in LAB genomes, namely CRISPR may possess the HGT pattern as well. 16s rRNA is acknowledged to be the target sequence for species identification (Muyzer et al., 1993) . Therefore, cas1 and DRs exhibited different evolutionary pathways with the phylogeny of strains. In conclusion, 211 CRISPRs found in 588 LAB genomes were grouped into 11 clusters according to DR similarity, and as well as cas1 gene, they were proved to have a particular evolutionary course compared to the species. The creation of varietal DRs may certificate the different evolutionary origins such as suffered from different environments. However, in the research of their DR sequences, it was found that they all can form a similar secondary structure, so it decided the same function when CRISPRs produce an effect (Kunin et al., 2007) . CRISPRs have been known to be a potential mean for LAB resisting phages (Barrangou et al., 2007; Sorek et al., 2008) , so the comparative evolutionary research of CRISPRs in LAB will be helpful for concluding the relationship of microbial community, and furthermore useful for developing superior starter cultures with high anti-phage activity during industrial process.
